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Abstract 
Buoyant jets are present in nature and industry. In this study, a starting buoyant jet from a channel is investigated using direct 
numerical simulation. The results show that the development of the starting buoyant jet may be identified to three stages: an 
initial growth stage, a transitional stage and a fully developing stage. It is observed that the buoyant jet flow in the fully 
developing stage is steady in the cases with Rayleigh numbers lower than a critical value but unsteady in those with Rayleigh 
numbers higher than the critical value. Further, the dependence on the Rayleigh number of the flux of the buoyant jet is 
quantified. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Buoyant jet may be easily found in nature and widely used in industry. Industrial activities often result in a great 
number of pollutants discharged into the atmosphere and hydrosphere such as rivers, lakes and ocean in the form of 
jets or plumes [1]. Buoyant gas jets issued from a channel into a quiescent ambient, which is among the most 
practical jet configuration. Natural convection is an energy transport process that take place as a results in fluid 
motion which induced by buoyancy occurring in the presence of a body force field (gravity). The density of gases 
and liquids depends on their temperature, generally decreasing with increasing temperature. In such a way, it is 
possible that convection current exist even when there is no additional forced convection flow. 
Studies of natural convection flows induced by buoyant forces such as jets or plumes have been extensively 
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reported in the literature [2-4]. In particular, Gebhert [5] and Mollendorf and Gebhert [6]studied flow instabilities 
and transition to turbulence in buoyant plumes and jets. They found that a laminar, buoyant water jet injected from 
circular tube to a quiescent medium may induce a toroidal vortex. The oscillation may occur during the process of 
transition and the effect of parameter on oscillation frequency has been discussed by Soteriou [7]. 
Based on the previous studies, the present study is aimed to examine the flow structure and the transition of 
buoyant jets issued from a channel into quiescent ambient. The features of the transient flows at different Rayleigh 
numbers are characterized. 
 
Nomenclature 
A aspect ratio of the height to the diameter of the channel 
d            diameter of the channel 
Q           volume flow rate from the channel  
t             time 
Ra Rayleigh number 
T            temperature 
'T temperature difference between the environment and the inlet of the channel 
2. Numerical procedure 
The 2D numerical method was adopted to simulate the flow of the buoyant gas jet from a channel. Figure 1 
presents the schematic of the computational domain of 12u24 d [8] and boundary conditions. The inlet boundary of 
the channel is defined as pressure-inlet with a temperature difference between the inlet and the environment ('T). 
The sidewalls of the channel are assumed as adiabatic and no slips. The remaining boundaries are specified as open 
boundaries, whereby the normal flow gradients were zero. 
 
Fig. 1 Schematic of the computational domain. 
 
The transient flow is governed by Navier-Stokes and energy equations with the Boussinesq approximation, which 
were implicitly solved using a finite-volume algorithm [9]. The convective term was discretized using the QUICK 
scheme and the pressure-velocity coupling was implemented using the SIMPLE algorithm. The time term was 
segregated using a second-order implicit scheme. A grid system of 190u210 and time step of 't = 10-5 s (The further 
dependence test of the time step and the mesh  is still being performed).  
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3. Transition to a steady or unsteady flow 
In this study, numerical simulations for a range of Rayleigh numbers (Ra = 1.2u104 ~ 1.2u106) and aspect ratio 
(A = 1) were carried out and are presented in the following section. In the initial stage, a mushroon structure 
characterized by isotherms at Ra = 1.0 u 104 forms and rises, as shown in figures 1(a) and (b). The start-up 
mushroom leads to symmetric vortex shedding and becomes weak in the subquent development of the flow. Figure 
3 shows the development of the buoyant jet induced by the heated air from a channel at Ra = 6.0 u 104, including an 
initial growth stage, a transitional stage and a fully developed stage. It is seen from this figure that the volume flow 
rate significantly increases in initial growth stage. After the transitional stage, the buoyant jet flow finally 
approaches a periodic flow in the fully developed stage. 
   
 
Fig. 2 Isothermal (contours from 0 to 1 with an interval of 0.125) Ra = 1.0 u 104. (a) t = 1.12 s. (b) t = 1.92 s. 
 
 
Fig. 3 Volume flow rate at the channel outlet at Ra = 6.0 u 104. 
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Fig. 4 Temperature time series at the point (x = 0, y = 0.4452 m) for two different Rayleigh numbers.  
(a) Ra = 1.2 u 104. (b) Ra = 1.2 u 105.
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Figure 4 presents time series of the calculated temperatures at the point (x = 0, y = 0.4452 m) downstream of the 
channel for two different Rayleigh numbers in order to illustrate the transition from a steady to unsteady flow in the 
fully developed stage. Figure 4(a) shows that the temperature eventually approaches a constant in the case with a 
relatively lower Rayleigh number. A further examination of the flow field in the computational domain shows that 
the buoyant jet flow outside the channel approaches a steady state. Figure 4(b) presents a case with a higher 
Rayleigh number in which the temperature is oscillatory in the fully developed stage and the flow becomes periodic. 
This means that the transition from a steady to an unsteady flow happens as the Rayleigh number increases. 
4. Unsteady flows in the fully developed stage  
Figure 5 shows time series of the temperatures at a point downstream of the buoyant jet for two different 
Rayleigh numbers in order to observe the oscillatory features of the temperatures. Clearly, for a high Rayleigh 
number (larger than 1.2 u 104), the flow is oscillatory (Figure 5a). If the Rayleigh number increases further, e.g. Ra 
= 1.2 u 105, the oscillations with different peak frequency appear, as shown in Figure 5(b). 
 
 
 
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Fig. 5 Temperature time series at the point (x = 0, y = 0.4452 m) in the fully developed stage. 
 (a) T vs t for Ra = 6.0 u 104. (b) T vs t for Ra = 1.2 u 105. 
5. Conclusions 
In this paper, buoyant jet flows induced by heated air from a channel are numerically investigated. The 
numerical results show that the transition of the buoyant jet flow outside the channel from a steady laminar to a 
periodic flow occurs as the Rayleigh number increases. It is possible that the critical Rayleigh number for the 
transition is sensitive to the aspect ratio of the channel. The dependence of the critical Rayleigh number on the 
aspect ratio of the channel is being studied. 
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